HCO3 concentration was increased from 25 to 40 mM without changing peritubular Pco2, a 45% reduction in HCO-reabsorption was observed. This inhibitory effect of increasing peritubular HCO3 concentration was reversed when peritubular pH was normalized by increasing Pco2. Passive permeability for HCO-was also measured and found to be 1.09±0.17 X 10-7 cm2 s-'. Using this value, the passive flux of HCO-could be calculated. Only a small portion (<23%) of the observed changes in net HCO-reabsorption can be explained by the passive HCO-flux. We conclude that luminal and peritubular HCO3 concentrations alter HCO-reabsorption by changing the active H+ secretion rate. Analysis of these data suggest that both luminal and peritubular pH are major determinants of HCO-reabsorption.
INTRODUCTION
Acid-base factors have been shown to influence renal HCO-reabsorption. In clearance studies, Pitts and Lotspeich (1) showed that as blood HCO3 concentration was progressively increased by NaHCO3 infusion, renal HCO-reabsorption exhibited a tendency towards partial saturation. The tendency towards partial saturation is expressed as a threshold in studies where NaHCO3 is infused. The threshold was usually observed even when extracellular fluid volume expansion was minimized (2-4) with one exception (5) . Two explanations for this tendency towards partial saturation are possible. One is a true saturation of the HCO-reabsorptive rate when luminal HCO,3-concentration is increased; the other is an inhibitory effect of increased peritubular HCO3 concentration that counteracts the stimulatory effect of increasing luminal HCO3 concentration. The independent effects of luminal and peritubular HCO3 concentrations on HCO reabsorption have not been examined in clearance and micropuncture studies because luminal and peritubular HCO3 concentrations are interdependent.
Beside luminal and peritubular HCO3 concentration, another potential determinant of HCO-reabsorption is CO2 tension (Pco2).' An independent effect of blood Pco2 on HCO-reabsorption has been shown by some investigators (6) (7) (8) (9) (10) (11) , but not by others (12) (13) (14) .
The main purpose of this study was to examine the independent role of luminal and peritubular HCO3 concentration, Pco2, and pH in the active and passive component of HCO- reabsorption in the proximal convoluted tubule (PCT). We used the in vitro isolated tubule perfusion technique because luminal and peritubular HCO-concentrations and Pco2 can be changed independently. Our results show that an increase in luminal HCO3 concentration leads to an increase in HCO-reabsorption. Conversely, an increase in peritubular HCO3 concentration inhibits HCO-reabsorp- ' Abbreviations used in this paper: Gl, G2, G3, group 1, 2, and 3; JTco,, active TC02 flux; JNco, net total CO2 flux; JPcos, passive HCO& flux; Jv, volume flux; Pco2, CO2 tension; PCT, proximal convoluted tubules; PD, potential difference; PHCOS, passive HCO-permeability; TC02, total CO2. tion. Lastly, raising the Pco2 in the lumen and bath stimulates HCO- 
METHODS
Isolated segments of the rabbit PCT were dissected and perfused as previously described (15) (16) (17) . Briefly, kidneys from female New Zealand White rabbits were cut into coronal slices. The PCT were dissected in cooled (4°C) rabbit serum from the midcortex or juxtamedullary cortex. The tubules identified as late PCT by attachment to proximal straight tubules were not used. The dissected tubules were transferred to 1.2-ml temperature-controlled bath. To maintain bath pH constant, bath fluid was continuously changed at a perfusion rate of >0.5 ml/min. Bath pH was continuously monitored during experiments by placing a commercial glass pH electrode (MI-506, Microelectrodes, Inc., Londonderry, NH) close to the tubule. Transepithelial potential difference (PD) was measured using the perfusion pipette as a bridge into the tubular lumen. The perfusate and bath were connected to their respective calomel electrodes by 0.16 M NaCl agarose bridges. The measured PD were corrected for the liquid junction potentials between the NaCl bridge and the perfusate and the protein-containing bath according to the Henderson equation as modified by Barry and Diamond (18 sponse to the change in Pco2. This result showed that the effect of bath Pco2 in acidic range (7.15-7.4) is smaller than that in alkalotic range (7.4-7.6 ). This result is qualitatively in agreement with the results of Jacobson (11) . He (Fig. 1) and that increasing the peritubular HCO3T concentration decreases JTc02 (Fig. 2) . These changes in JN may be caused by a passive HCO3 flux (J'coi), since PCT are permeable to HCO3 (20, 21, (24) (25) (26) (27) and Table III ). JHcO3 can be estimated using the measured PHCO3, PD, and HCOO3 concentrations according to Eq. 5. Once JHco3 is obtained, HCO3 reabsorption can be viewed as a pumpleak system, and JNCO2 can be corrected for JpHcoi to yield the active TCO2 flux (JTCO2): JTCo2 = TC2 JiHCO3 (6) According to this definition, JACO2 represents the active transcellular flux of HCO-and is generally believed to be due to active H+ secretion (28, 29) . Therefore, ing luminal HCO0 concentration, and an increase in J!coi was observed. In the third column, the bath pH was increased by increasing peritubular HCO3 concentration, and a marked inhibition of JNCO2 was obtained. In the fourth column, the bath pH was reduced by increasing Pco2, and an increase in JNCO2 was observed.
Our results show a stimulatory effect of increasing luminal HCO3 concentration on HCO-reabsorption (compare columns 1 and 2 in Fig. 4 tration of 45 mM. Our results in the rabbit confirm these results in the rat and demonstrate that increasing luminal HCO-concentration stimulates HCO-reabsorption. This conclusion contrasts with the observation of a threshold at a filtered bicarbonate concentration of 20-30 mM in clearance studies (1) (2) (3) (4) . The difference between clearance studies and these in vivo and in vitro perfusion studies may be explained by alterations in peritubular environment (see below). Our results also show an independent effect of peritubular HCO-concentration on HCO3 reabsorption (compare columns 2 and 3 in Fig. 4) . A selective increase in the bath HCOs concentration from 25 to 40 mM at constant luminal HCO-concentration and bath Pco2 caused a marked inhibition of HCO-reabsorption and H+ secretion ( Figs. 2 and 4 ; Tables I and IV) . Two studies in the in vivo perfused rat PCT have suggested an effect of peritubular HCO3 concentration on HCO-reabsorption. First, Giebisch et al. (33) found that H+ secretion was reduced when NaHCO3 was infused acutely to obtain a plasma HCO-concentration of 44 mM. Second, Chan and Giebisch (34) observed that increasing peritubular HCO-concentration from 2 to 40 mM inhibited HCO-reabsorption. However, the interpretation of these data as indicating an independent effect of peritubular HCO-concentration is complicated by the presence of extracellular volume expansion in the former and by the presence of an extremely low peritubular Pco2, and thus high pH, in the latter. More recently, Alpern et al. (35) have shown that in the in vivo perfused rat PCT, systemic metabolic alkalosis markedly inhibits HCO3 reabsorption even when the effect of volume expansion is carefully excluded. Our results in the rabbit PCT excluded any possible effects of extracellular volume expansion and maintained peritubular pH in the physiological range (7.4-7.6). Thus, in both the rabbit and the rat PCT, HCO3 reabsorption is inhibited by selectively increasing peritubular HCO3 concentration. This observation provides one explanation for the existence of the tendency towards partial saturation in clearance (1-4) and free-flow micropuncture studies (29) . The difference between clearance and micropuncture studies and these in vivo and in vitro perfusion studies is due to the fact that in the former peritubular and filtered luminal HCO3 concentrations are always equal; increasing one results in an equal increase in the other. Thus, in clearance and micropuncture studies the inhibitory effect of increasing peritubular HCO3 concentration is masked by the stimulatory effect of increasing luminal HCO3 concentration.
This inhibitory effect of increasing bath HCO3 concentration can be reversed by raising Pco2 and returning the bath pH to 7.4 (compare columns 3 and 4 in Fig. 4 ). There has been considerable controversy regarding the effect of increasing PCO2 on bicarbonate absorption. In early clearance (6-8) and micropuncture (9, 10) studies, a stimulatory effect of respiratory acidosis (high Pco2) on HCO-reabsorption was demonstrated. Later, Kurtzman (12) pointed out that respiratory acidosis reduces effective plasma volume, itself a strong stimulus to HCO reabsorption. Reexamination of the effect of respiratory acidosis on HCOj reabsorption in clearance studies (12) (13) (14) showed little effect on HCO-reabsorption if hemodynamic changes were taken into account. In agreement, Cogan (36) showed that using free-flow micropuncture in the rat, increasing systemic Pco2 from 45 to 65 mmHg caused a very small increase (12%) in proximal HCOS reabsorption. In contrast to the above clearance and free-flow micropuncture studies, a direct effect of Pco2 on HCO-reabsorption has been demonstrated in the in vivo (37) and the in vitro (11) PCT where both luminal and peritubular environments are regulated. One explanation for this discrepancy between clearance and free-flow micropuncture studies on the one hand, and microperfusion studies on the other, may be a difference in the in vivo peritubular Pco2, since the Pco2 of the renal cortex is higher than systemic Pco2 (38) . Therefore, the renal cortical Pco2 examined in clearance and micropuncture studies might be higher and the peritubular pH more acidic compared with the in vivo and in vitro perfusion studies. Fig. 5 shows that our data support this view. In this figure JTCO2 is plotted against H+ ion concentration. Only data where lumen and bath pH are identical are shown. The pH was changed by increasing the bath Pco2 from 40 to 70 mmHg. Increasing H+ ion concentration from 40 to 72 neq liter-' (pH 7.4-7.15) by increasing Pco2 with 25 mM HCO-in the lumen and bath stimulates JTCO2 by 12%; whereas, increasing it from 22 to 40 neq liter-' (pH 7.6-7.4) by increasing Pco2 with 40 mM HCO-in the lumen and bath stimulates JNCO2 by 40%. Thus, the stimulatory effect of Pco2 on HCO-reabsorption is larger in the alkalotic range than in the acidic range. In any case, our results confirm the results of the in vivo and in vitro perfusion studies (11, 37) and show that Pco2 is one of the determinants of HCO? reabsorption in the PCT.
Further examination of Fig. 4 permits an evaluation of the combined effects of luminal and peritubular acid-base factors on proximal HCO- In contrast, an increase in peritubular HCO3 cons are increased simultaneously at constant centration might reduce the electrochemical driving ;timulatory effect of luminal HC03 concen-force for HCO exit across the basolateral membrane. ompletely abolished by the inhibitory effect As a consequence, intracellular HCOj concentration ilar HC03 concentration. This comparison and pH would be increased and the driving force for Its out that one of the mechanisms for the H+ secretion across the luminal membrane would be towards partial saturation of HCO reab-reduced. Thus, the overall rate of acidification would bserved in clearance (1-4) and micropunc-be slowed. Alternatively, it may be possible that pertudies appears to be the inhibitory effect of itubular pH affects the HCO-exit step by changing r alkalinity offsetting the stimulatory effect the basolateral membrane properties (HCO3 permealkalinity. ability or basolateral membrane PD). In this regard, interesting to compare the first and fourth Biagi et al. (40) have observed recently that peritui Fig. 4 . In these two experimental condi-bular pH affects the basolateral membrane PD by oerfusate and bath HC03 concentrations and changing the basolateral membrane permeability for ,ere different, but the perfusate and the bath K+. Their results show that peritubular alkalinity he same. Observed Jlco2 was essentially the causes hyperpolarization of the basolateral membrane is. 98 pmol mm-' min-'). This observation PD. Therefore, when peritubular HCO3 concentration hat the luminal and peritubular pH, not is increased, the electrochemical driving force for centration or Pco2, are the major determi-HCO diffusion across the basolateral membrane might iC03 reabsorption. In this regard, Mello-be constant: In other words, the reduction in the chemMalnic (37) have suggested that peritubular ical HC03 concentration gradient might be counteraffects H+ secretion in the rat PCT. They balanced by an increase in the electrical driving force.6 the peritubular capillary with phosphate varying pH, and observed a higher H se6Their result in rabbit PCT showed that the basolateral e at pH 7.4 than at pH 8.5. membrane PD is -51 mV at a peritubular pH of 7.4. It ism and model of HCOT reabsorption in the hyperpolaralized to -60 mV when the peritubular pH was e current view of the acidification mecha-alkanized to 7. If the electrochemical gradient for HCO3 diffusion across the basolateral membrane is unchanged, then a reduction in the HCO3 permeability of the peritubular membrane caused by peritubular alkalinity may be the explanation for the observed decrease in HCO3 diffusion out of the cell.
The inhibition of HCO3 reabsorption induced by increasing bath HCO3 concentration cannot be attributed specifically to either peritubular HCO3 concentration or peritubular pH. However, our data suggest that peritubular pH is more important than peritubular HCO3 concentration. HCO3 reabsorption was stimulated when peritubular alkalinity was corrected by increasing Pco2 (Fig. 3) . Further analysis of this effect, shown by a comparison of the first and fourth columns in Fig. 4 , shows that peritubular pH rather than HCO3 concentration is the principal determinant of HCO3 reabsorption.
The precise mechanism by which a selective increase in Pco2 at constant luminal and peritubular HCO3 concentrations stimulates HCO3 reabsorption is not clear. An increase in Pco2 should affect luminal, intracellular, and peritubular pH (30, 41) , and therefore precise measurements of the PD across the basolateral membrane and the intracellular pH (or HCO3 concentration) are necessary before it is possible to locate the effect of Pco2. The Pco2 effect could be mediated by changes in the appropriate driving forces for the Na+-H+ antiporter and/or by changes in the basolateral membrane exit step. Alternatively, Pco2 could have a direct effect on the Na+-H+ antiporter and/or the basolateral membrane permeability for HCO3.
In summary, our data suggest that (a 
